The structure of a vicinal Si( 111) stepped surface is analyzed by force microscopy in air to reveal a fine structure in a step bunching area, and a monoatomic step in a terrace region.
The structure of a vicinal Si( 111) stepped surface is analyzed by force microscopy in air to reveal a fine structure in a step bunching area, and a monoatomic step in a terrace region.
Step heights of one to three monoatomic layers were also observed on a debunched Si( 111) surface. These steps have low crystallographic indices [l I%], [lOi] , [Oil] , [217] , and [ E3] . The force microscope images were in good agreement with scanning electron microscope and reflection electron microscope images observed in ultrahigh vacuum just after sample annealing by resistive heating.
Atomic force microscopy (AFM) ' is a powerful surface analysis tool which extends the high vertical resolution of scanning tunneling microscopy (STM) to highly resistive and/or insulator materials." On the other hand, it has recently been shown that unusual step behavior occurs on Si ( 111) surfaces as a result of resistive, heating processes. Latyshev et aL3 reported the reversible transformation between two phases: a uniform monoatomic-stepped surface and a step-bunched surface. Using reflection electron microscopy (REM), they found that the phase depends on the electric current direction and temperature during heating. Before and after their report, step bunching (or faceting) on vicinal Si ( 111) surfaces has been observed using by scanning electron microscope ( SEM),4,5 transmission electron microscope (TEM),6 electron diffraction,7-9 and STM. lo Unfortunately, in the REM observation, the image in the direction parallel to the electron beam is foreshortened because of the use of glancing incident angles. It is difficult, therefore, to obtain accurate spatial dimensions from an REM image. Furthermore, REM, like SEM cannot give direct information about step heights. TEM has been used to obtain step heights, but this method also has some limitations. One of the most serious problems is that the TEM image is a projection of structural information integrated along the electron beam. This means that one must be careful in interpreting TEM images. STM is a powerful analytical technique compared with other methods, and we can observe both horizontal structures and vertical step heights by this method. But it is generally very hard to get atomic resolution for semiconductor materials except in ultrahigh vacuum (UHV) because of the difficulty in obtaining a stable tunneling current through an oxide layer.
The silicon samples were cut from B-doped wafers
The observation of monoatomic steps by cross-sectional TEM 'i showed that steps on a silicon specimen are stable during even the severe TEM sample fabrication process, as well as during simple exposure to air. This means that force microscopy has the potential to provide atomic resolution of silicon surface steps. This letter reports that stable images of step bunching and monoatomic steps on Si( 111) surfaces can be obtained by force microscopy operating in air.
(4-10 R cm) and prepared in an UHV-REM chamber by a resistive heating method. Details of surface preparation have been described in a previous paper,5 and scanning REM or SEM images were taken at room temperature just after these heating procedures. The surface structures were observed using two kinds of force microscopy. One is the point contact microscopy (PCM) developed by Kaneko et al i&t3 in which a sample is mounted on the tube-type piizoscanner and a diamond tip supported on a parallel or single leaf spring with a 0.1 pm diameter is used as a probe. Tip displacements are measured by a focusing-error-detection optical head. The other instrument is a commercial AFM l4 using a tube-type piezoscanner for sample rastering and a cantilever. The deflection of the laser light from the back face of the cantilever is detected by a photodiode. A force of about 4X 10 -' N was applied to the tip during force microscope measurements. Both instruments were placed on a desk-type vibration isolation system. Figure 1 shows SEM and PCM images of the vicinal Si( 111) surface misoriented by 1" off toward [ 1 l?]. The SEM image was obtained using the same glancing incidence angle electron beam as for REM. This sample was heated up to 1220 "C for 80 seconds in a vacuum of 3 x 10 -' Torr to create a dc heating induced step bunching structure.5 The electric current flowed toward the x axis in Fig. 1 (a) , which corresponds to [l lT] (step down) direction. The SEM image was taken after cooling down to room temperature, and PCM measurements were made after storing for about 10 days in a desiccator.
The boundary region between a step bunch and a terThe repetition of a step band region of width about 1 pm, and a terrace region of width 1 to 2 pm width along [ 1121, is observed, and each step band and terrace extend along the [ilO] direction. This is the same kind of structure described in the paper on silicon surface observation. by UHV-SEM.4 Figure 1 (b) shows one of the step bunches and the terraces on either side. About 15 step bands bunch into 1 pm width, and this bunching width and the number of step bands in a bunch are consistent with Fig. 1 (a) . The cross-sectional line shape along line BB' is also drawn in Fig. 1 (b) , which shows that the vertical heights of step bands vary from 9 to 15 A corresponding to three to five times the silicon( 111) interplanar spacing ( = 3.1 A). race is imaged in Fig. 1 (c) . The upper right side of this image corresponds to the edge of a step bunch which includes five step bands. Almost all of Fig. 1 (c) is part of a terrace, and it is easy to recognize a step from the left upper corner to the center of the bottom line in the terrace. The cross-sectional line profile along CC' is also shown in Fig. 1 (c) , where the height of this step is about 3 A corresponding to a Si ( 111) monoatomic step. We could easily reproduce this image without any specimen degradation during scanning or any thermal drift. We believe that PCM has sufficient vertical resolution to detect an isolated monoatomic height step in a terrace, but are unsure of its ability to detect the fine structure of the step bands in the stepbunched region because of the bluntness of the tip. Figure 2 shows REM and AFM images for the debunching surface of a Si( 111) specimen in which the misorientation was less than 10'. This sample was heated to 1200 "C for 20 s in a vacuum of 2 X 10 -' Torr. The current direction was chosen to be the [ilO] (step up) direction to debunch steps. The REM image in Fig. 2(a) shows that there are no prominent step bunches. The horizontal di-.rection corresponds to [ITO] and the vertical one corresponds to [l 'l?& Figure 2(b) shows the AFM image of this surface and a cross-section along line AF. The widths of RC, C&and DE are about 100, 400, and 400 nm, respectively, and the step heights at points B, C, D, and E are 9, 6, 3, and 3 A, corresponding to triple, double, single, and single ( 111) interplanar distances. We believe that the 9 L$. step which separates into two steps in the upper region of this image corresponds to the same kind of step as denoted by an arro-w in Fig. 2(a) . The step edges of Fig.~ 2(b) appear to consist of straight segments. Figure 2 (c) shows a schematic drawing of the steps imaged in Fig. 2(b) . The vector A is assigned to [ 1121 based on the cutting direction of the wafer, and correlation to the REM image. There are four other kinds of direction: the vectors B, C, D, and E correspond to [lOi] , [Oil] , [ 1231, and [21? ] directions, considering the angle between them and vector A [112] . These assignments are also shown in Fig. 2(c) show that many types of kinks and distortions exist at a step edge. At this point, our assignment of crystallographic directions for the observed steps is imprecise. However, the macroscopic structure of a step clearly correlates to crystallographic indices from an AFM image.
In summary, we have observed the fine structure in step bunches and in a terrace on vicinal Si( 111) surfaces by using point contact microscopy in air. The results show that a step bunch consists of many step bands, each of which corresponds to three to five ( 111) atomic layers, and that a terrace may contain a single atomic height step. The step structure on a debunched Si( 111) surface tilted less than 10' was measured by atomic force microscopy. This surface had steps with heights ranging between one and three ( 111) interplanar spacings.
Step directions could be assigned by combinations of low crystallographic indices. Even a monoatomic height step is preserved on oxidized silicon surfaces. The force microscope method may be capable of revealing step bunch formation by resistive heating without requiring UHV, which makes observations difficult.
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